INTRODUCTION
Liver fibrosis, characterized by excessive accumulation of extracellular matrix (ECM) components, is a common stage in the progression of chronic liver diseases to cirrhosis [1] . Hepatic stellate cells (HSCs), the major mesenchymal cells in the liver, have been widely accepted to play a critical central role in liver fibrosis [2] . Liver fibrosis is characterized by the activation and proliferation of HSCs, which leads to scar formation. Upon stimulation by different damaging and/or inflammatory cytokines, HSCs are activated and transform to myofibroblast-like cells marked by the loss of lipid droplets, high expression of α-smooth muscle actin (α-SMA), and increased proliferation, contractility, and migration [3] . Previous studies suggested that overexpression of significantly inhibited the activation and proliferation of HSCs [4] . However, the functions of miR-194 in liver fibrosis have not been fully elucidated. AKT, also known as protein kinase B, has three isoforms: AKT1/2/3. MiR-194 cooperates with AKT2 to regulate proliferation and the cell cycle in cancer [5] . Interestingly, the AKT pathway enhanced proliferation and ECM production in HSCs via TGF-β1 [6, 7] . The activation of HSCs is reversed by the deletion of AKT2 [8] . Based on these previous findings, we examined the expression of miR-194 in experimental liver fibrosis models in vivo and in vitro, which showed that miR-194 was significantly downregulated in activated HSCs. Additionally, we investigated the role of miR-194 in HSCs. Our results showed that miR-194 attenuated the activation and proliferation of HSCs by suppressing AKT2. To explore the clinical implications of miR-194, we reintroduced miR-194 in a mouse model of CCl 4 -induced liver fibrosis by tail vein injection of a miR-194 agomir. In vivo application reduced the expression of AKT2 and ECM markers, and led to the recovery of fibrosis. Taken together, our results suggest that miR-194 can inhibit the activation and proliferation of HSCs by suppressing AKT2. Reintroduction of miR-194 might be a potential novel therapy for the treatment of liver fibrosis.
MATERIALS AND METHODS

Human liver samples
Human liver tissues were obtained through percutaneous liver biopsy from patients in our hospital with chronic hepatitis B (CHB), defined as those who had hepatitis B virus (HBV) infection and were positive for hepatitis B surface antigen for at least 6 months. Sixty human liver tissues [fibrosis stage S0 (no fibrosis, n = 12), S1 (mild fibrosis, n = 12), S2 (moderate fibrosis, n = 12), S3 (advanced fibrosis, n = 12), and S4 (cirrhosis, n = 12)] were included in the miRNA microarray and qPCR analyses. All patients provided written informed consent, and the study was approved by the ethics committee of our hospital. The fibrosis stage was determined by the Scheuer classification.
Liver fibrosis mouse model and reintroduction of hepatic miR-194
Five-week-old male C57BL/6J mice were purchased from the Sino-British Sippr/BK Laboratory in Shanghai. All animals received humane care according to established standards and were maintained in an air-conditioned animal room at 25 °C with free access to water and food. All protocols conformed to the National Institute of Health (NIH) guidelines and all animals received care in compliance with the principles of laboratory animal care. After 1 wk of acclimation, mice were randomly divided into either a control (n = 5) or carbon tetrachloride (CCl 4 ) group (n = 15). The CCl 4 group received intraperitoneal injections of CCl 4 (2 μL/g) mixed with olive oil (15% CCl 4 ) three times weekly.
Then CCl 4 -treated mice were randomly divided into three groups after 4 wk of injection: CCl 4 group (n = 5), agomir negative control (CCl 4 + OV-NC) group (n = 5), and miR-194 agomir (CCl 4 + OV-miR-194) group (n = 5). The CCl 4 + OV-miR-194 and CCl 4 + OV-NC groups received tail vein injections of miR-194 agomir or the corresponding controls at a dose of 2 nmol twice weekly for 2 wk. The control group was treated with olive oil. After 6 wk, all mice were sacrificed. Liver tissues were fixed with 10% formalin and embedded in paraffin. All sections were stained with hematoxylin and eosin (H&E) or Sirius Red. These procedures were approved by the ethics committee of our hospital.
HSCs isolation, culture, and treatment
Primary HSCs (pHSCs) from WT mice were isolated by pronase/collagenase perfusion followed by Nycodenz two-layer discontinuous density gradient centrifugation as reported [9] . Cell viability and purity (> 95%) were confirmed by trypan blue staining and autofluorescence. LX2 cells (a human HSC cell line) and pHSCs were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco, United States). For treatment, HSCs were incubated with TGF-β1 (Sigma, United States) at a concentration of 10 ng/mL.
RNA interference and transfection in HSCs
Chemically synthesized RNAs including negative control (OV-miR-NC), miR-194 mimic (OV-miR-194), control siRNA (si-NC), miR-194 inhibitor (si-miR-194), and siRNA against AKT2 (si-AKT2) were used (GenePharma, China). HSCs were transfected using Lipofectamine RNAi/MAX transfection reagent or Lipofectamine 2000 (Invitrogen, United States) according to the manufacturer's instructions. Then, transfected cells were maintained at 37 °C in a 5% CO 2 atmosphere for 48 h. All synthesized oligonucleotides in this study are listed in Supplementary Table 3 .
Quantitative real-time PCR analysis
QPCR was performed using a SYBR Green PCR Kit (Applied Biosystems, Foster City, CA, United States) and an ABI 7900HT Fast Real-Time PCR System (Applied Biosystems). The primers used in this study are listed in Supplementary Tables 1 and  2 .
Western blot analysis
Western blot was performed using the following antibodies: anti-α-SMA, anti-type I collagen (Col I), anti-cyclin D1, anti-AKT2/p-AKT2 (1:1000, CST), and anti-GAPDH (1:10000, Abcam); the secondary antibody was HRP-conjugated IgG (1:10000, Santa Cruz).
Cell proliferation
LX2 cells were seeded in 96-well plates at a density of 5 × 10 3 cells per well. Cell proliferation was measured using a CCK8 assay (Dojindo, Kumamoto, Japan) with a 48 h incubation period at 37 °C, and the absorbance at 450 nm was read in a microplate reader (Epoch2, BioTek).
Cell cycle assay
LX2 cells were seeded in 6-well plates at 3 × 10 5 cells per well. After transfection for 48 h, cells were trypsinized and fixed in 70% ethanol at -20°C for 24 h. Then, cells were stained using BD Pharmingen PI/ RNase staining buffer (BD Biosciences, United States). The cell cycle distribution was analyzed using an Accuri C6 flow cytometer (BD Biosciences, United States) and ModFit LT software.
Immunofluorescence (IHC) and immunohistochemistry (IF)
Formaldehyde-fixed, paraffin-embedded liver sections were subjected to IHC following routine protocols as described. Anti-α-SMA (1:500) was used for IHC staining. For IF staining, cell slides were incubated with anti-α-SMA (1:200) primary antibody and with 4',6-diamidino-2-phenylindole (DAPI) to stain nuclei. Representative images were obtained using an inverted microscope (Leica Microsystems, Germany).
Statistical analysis
All experiments were repeated three times. The bar and line graphs show the means and standard deviations. Data were analyzed using ANOVA. All statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago). A P-value < 0.05 was considered statistically significant.
RESULTS
MiR-194 is downregulated in activated HSCs from humans and mice
To explore liver fibrosis-related miRNAs, microarray analysis was performed with liver tissues from CHB patients (S0-4, n = 8 in each group). A total of 105 miRNAs were significantly differentially expressed in the fibrosis groups (S1-4) compared to the no-fibrosis group (S0, Figure 1A ). We focused on miR-194, which was downregulated in fibrotic tissues ( Figure 1A ). Thus, we examined miR-194 expression in liver tissues of another CHB cohort by qPCR (S0-4, n = 4 in each group). The expression of miR-194 was significantly lower in the S4 group than in the S0 group ( Figure 1B , P < 0.05). Freshly isolated primary HSCs (pHSCs) acquired a myofibroblastic phenotype and were fully activated, along with significant upregulation of α-SMA, after culture for 7 d ( Figure 1C ). The expression of miR-194 in activated pHSCs (a-pHSC, cultured for 7 d) was noticeably downregulated compared with that in quiescent pHSCs (q-pHSC, cultured for 0 d) ( Figure 1D ). This phenomenon was also observed in activated LX2 cells stimulated with TGF-β1 (10 ng/mL) for 48 h ( Figure 1E ). Then, CCl 4 was used to induce liver fibrosis in mice. H&E staining showed that the number of apoptotic hepatocytes and infiltrated immune cells was increased; Sirius Red staining showed the deposition of excessive collagen fibers in CCl 4 -treated livers ( Figure 1F ). We did not observe significant changes in the expression of miR-194 between livers from the oil-and CCl 4 -treated mice ( Figure 1G ). Finally, pHSCs were isolated from both oil-and CCl 4 -treated mice. The expression of miR-194 was much lower in activated pHSCs isolated from CCl 4 -treated mice than in quiescent cells from oil-treated mice ( Figure 1H ). These data indicated that miR-194 is downregulated during HSC activation, an effect that may be associated with the progression of liver fibrosis.
MiR-194 inactivates HSCs
To investigate whether miR-194 could influence HSC activation, we isolated pHSCs from mice and transfected constructs into them to overexpress or knock down miR-194 in vitro (Suppl. Figure 1 ). As expected, both the mRNA and protein levels of Col I and α-SMA were significantly decreased in OV-miR-194 cells; in contrast, they were dramatically increased in si-miR-194 cells (Figure 2A-B) . We also overexpressed or knocked down miR-194 in LX2 cells (Suppl. Figure 2) , and a similar trend was observed. The enhanced mRNA and protein levels of Col I and α-SMA induced by TGF-β1 were significantly decreased with miR-194 overexpression but were also increased with miR-194 knockdown ( Figure 2C-D) . In addition, IF analysis of α-SMA further confirmed that OV-miR-194 markedly reduced the protein levels of α-SMA in both pHSCs and LX2 cells and that, conversely, si-miR-194 increased these levels ( Figure 2E) . Therefore, these results demonstrated that miR-194 suppresses the activation of HSCs.
MiR-194 inhibits the proliferation of HSCs
To ascertain whether miR-194 regulates the proliferation of HSCs, we examined its effects via a CCK8 assay. TGF-β1 treatment significantly promoted cell proliferation, while OV-miR-194 appreciably reversed this effect; in addition, si-miR-194 accelerated cell proliferation ( Figure 3A) . Generally, abnormal cell proliferation is related to apoptosis or alterations in the cell cycle. No significant changes were observed in the apoptosis rate between the OV-miR-194 and si-miR-194 groups (Suppl. Figure 3) . However, cell cycle analysis revealed that the percentage of cells in G0/G1 phase was c P < 0.05 vs the a-pHSC + si-NC group; d P < 0.05 vs the con group; e P < 0.05 vs the TGF-β1 + OV-miR-NC group; f P < 0.05 vs the TGF-β1 + si-NC group. pHSCs: Primary hepatic stellate cells; α-SMA: α-smooth muscle actin; Col I: Type I collagen.
higher and the percentage of cells in S phase was lower in OV-miR-194 cells than in OV-miR-NC cells with TGF-β1 stimulation, while si-miR-194 had the opposite effect ( Figure 3B ). TGF-β1 treatment enhanced the expression of the G1-S transition promoter cyclin D1 at both the mRNA and protein levels; in addition, OV-miR-194 decreased cyclin D1 expression, and si-miR-194 increased cyclin D1 expression ( Figure 3C-D) . These findings further confirmed the effects of miR-194 on the suppression of proliferation via controlling the transition from G0/G1 to S phase. These data indicated that miR-194 suppresses cyclin D1 expression and subsequently inhibits HSC proliferation by causing cell cycle arrest in G0/G1 phase.
MiR-194 exercises multiple functions by inhibiting AKT2 in HSCs
MiRNAs primarily negatively downregulate gene expression by binding to complementary sites in the 3'-untranslated region (3'-UTR) of mRNA sequences. To identify the relevant target genes of miR-194, we conducted bioinformatic analysis using TargetScan (http://www.targetscan.org/; Figure 4A ). As expected, the mRNA expression of AKT2 was downregulated in OV-miR-194 cells and upregulated in si- Figure 4B ). Western blot analysis revealed that OV-miR-194 decreased the protein levels of AKT2/p-AKT2 in TGF-β1-treated LX2 cells and that si-miR-194 had the opposite effects ( Figure 4C ). Then, we knocked down AKT2 in LX2 cells to assess the influence of its regulation by miR-194 (Supplementary Figure 4) . The notable effect of si-miR-194 on increasing cell viability with TGF-β1 treatment was clearly reversed in the presence of si-AKT2 ( Figure 4D ). The decrease in the percentage of G0/G1 phase cells and increase in the percentage of S phase cells induced by si-miR-194 were also reversed by the addition of si-AKT2 ( Figure 4E ). Moreover, si-AKT2 restored the mRNA and protein levels of Col I, α-SMA, and cyclin D1, which were significantly increased by si-miR-194, in TGF-β1-treated LX2 cells ( Figure 4F/G) . Furthermore, the IF images showed that si-AKT2 could restore the levels of α-SMA proteins increased by si-miR-194 in TGF-β1-treated LX2 cells ( Figure  4H ). These results indicated that miR-194 suppresses the activation and proliferation of HSCs at least in part by suppressing AKT2 expression.
MiR-194 alleviates liver fibrosis in CCl 4 -treated mice
To 
DISCUSSION
Liver fibrosis is usually secondary to chronic hepatic injury and inflammation. However, once liver cirrhosis develops, the process is difficult to reverse [1] . It is essential to find an effective treatment. Increasing numbers of studies have focused on miRNA mechanisms in fibrotic diseases. MiR-194 usually inhibits tumor growth and invasiveness and has thus been considered a tumor suppressor. Moreover, miR-194 was downregulated in HSCs isolated from rats with BDL-induced liver fibrosis, reduced HSC proliferation, and inhibited the expression of α-SMA and Col I [4] . The role of miR-194 in the development of liver fibrosis remains unclear. First, we clarified that the expression of miR-194 was lacking in human livers with advanced fibrosis, activated HSCs in vitro, and activated pHSCs isolated from CCl 4 -treated mice. Activated HSCs are characterized by the upregulation of specific cytoskeletal stress fiber proteins, such as α-SMA, and the ECM proteins, such as Col I/III [10] . Second, we found that OV-miR-194 notably inactivated HSCs and dramatically suppressed Col I and α-SMA expression in HSCs in vitro. Generally, alterations in the cell cycle contribute to abnormal cell proliferation. Cyclin D1 is important for the cell cycle G1/S transition [11] . Third, our data indicated that miR-194 inhibited cell proliferation and delayed cell cycle progression from G1 to S phase via downregulation of cyclin D1 in vitro. Moreover, we determined that miR-194 had no effect on HSC apoptosis. Therefore, miR-194 can suppress the activation and proliferation of HSCs and subsequently play a key role in liver fibrogenesis.
In colorectal and gallbladder cancers, miR-194 suppressed the proliferation of cancer cells via targeting the AKT2 pathway [5, 12] . AKT2 is recognized as a prosurvival oncogene. Deletion of AKT2 plays a role in ameliorating liver fibrosis [8] . AKT2 was predicted as a target of miR-194, and this relationship was previously confirmed by dual luciferase reporter experiments [5, 12, 13] . Notably, the functions of si-miR-194, including the activation of and promoting the survival of HSCs, were effectively blocked by si-AKT2 in vitro. These results indicated that miR-194 inhibited the activation and proliferation of HSCs via targeting AKT2. However, there might be other pathways involved in the regulation of liver fibrosis by miR-194. Therefore, more studies are needed to investigate the underlying mechanism of miR-194 in liver fibrosis.
Since miR-194 inactivated HSCs in vitro, it is important to explore whether overexpression of miR-194 could ameliorate liver fibrosis in mice. Reintroduction of miR-194 via tail vein injection of a miR-194 agomir was used as a treatment in our research. H&E and Sirius Red staining showed that OV-miR-194 could visibly ameliorate liver inflammation and fibrosis. Similarly, restoration of miR-194 dramatically reduced the expression of α-SMA, Col I, and cyclin D1 associated with decreased levels of AKT2/p-AKT2. In contrast to previous studies, our study provided new evidence for the role of miR-194 in attenuating the progression of liver fibrogenesis, partly via targeting AKT2. Thus, reintroduction of miR-194 might be a potentially useful therapeutic approach for alleviating liver fibrosis.
In conclusion, miR-194 deregulation is essential in the development of liver fibrosis. MiR-194 inhibits the activation and proliferation of HSCs by suppressing AKT2. In addition, reintroduction of miR-194 offers a possible therapeutic approach for ameliorating liver fibrosis. 
Research motivation
Our findings will provide a fundamental basis for the application of miR-194 in liver fibrosis therapy.
Research objectives
To measure the expression of miR-194 in fibrotic liver tissues and activated HSCs, and investigate biological functions and possible molecular mechanisms of miR-194 in liver fibrosis.
Research methods
We detected the expression of miR-194 in human fibrotic liver tissues, activated HSCs, and a CCl 4 mouse model by qPCR. The biological behavior of miR-194 in vitro was then assessed by overexpression and knockdown of miR-194 in HSCs. In further molecular mechanism studies, we reintroduced miR-194 in mice using a miR-194 agomir to investigate the functions of miR-194 in liver fibrosis in vivo.
Research results
In the current study, we found that miR-194 was lacking in activated HSCs from both humans and mice. MiR-194 had a role of inhibiting the activation and proliferation of HSCs by suppressing AKT2. Meanwhile, we confirmed that reintroduction of miR-194 agomir through the tail vein could attenuate liver fibrosis in CCl 4 -treated mice in association with the reduction of AKT2. However, the specific regulatory role of miR-194 in liver fibrosis patients remains unclear, which needs to be validated in clinical studies.
Research conclusions
MiR-194 is downregulated in activated HSCs, which could inhibit the activation and proliferation of HSCs via suppressing AKT2. Reintroduction of miR-194 exerts a protective action against liver fibrosis.
Research perspectives
This study provides insight into the role of miR-194 in alleviating liver fibrosis by decreasing AKT2. Reintroduction of miR-194 might be a therapeutic approach to prevent and cure liver fibrosis.
